Control sediment in whole-sediment toxicity testing has a wide range of properties, but the effects of the sediment composition at the molecular level have not been investigated. Therefore, we adopted a metabolomic approach to assess the effects of sediment composition at the molecular level, in particular the effects of control sediment composition on the metabolomic responses of test species under control and test conditions. The estuarine amphipod Grandidierella japonica was incubated in test chambers with four types of sediment, and the metabolomes of G. japonica were analyzed using a high-resolution mass spectrometer. Metabolomes of G. japonica exposed to a copper (Cu) solution were also obtained in the same way. We found that the metabolomic profiles were affected by the composition of the control sediment and exposure to Cu and that the exposure to Cu caused a more dominant influence than the change in the compositions of control sediments. However, the metabolites that had key roles to discriminate between the control and Cu exposure groups differed between the tested control sediments. Our results suggest that the effects of control sediment are smaller than those of toxicant exposure, and toxicity assessment using metabolomics is possible regardless of the sediment type.
INTRODUCTION
The toxicity of sediment for aquatic organisms has traditionally been assessed using bioassays, of which there are several standardized methods available. In principle, however, control sediment needs to be selected to determine the toxicity of the test sediment. According to a proposed test protocol for benthic amphipods [1] , sediment that is to be employed as a negative control needs to be free from contamination and be suitable for use in routine tasks. After the testing period, mortality and/or the inhibition of growth or behavior in the test organisms are observed and the outcomes of the control and test sediments compared.
In these tests, the control sediment is not supposed to affect the results itself, but previous studies have indicated that the composition of a sediment has an influence on the behavior or survival of organisms. For example, the size distribution of sediment affects the burrowing behavior of Hyalella azteca, and the number of burrowing individuals decreases when the ratio of sand increases [2] . A higher proportion of sand also leads to greater body length and survival in Chaetocorophium ef. Lucasi [3] . Another study which investigated the effects of the composition of sand, silt, and clay in control sediments did not find significant changes in the survival of H. azteca [4] . These results suggest that the proportion of sand and the quality of the silt or mud in sediments might be important factors that influence endpoints in toxicity testing. Given this, it is possible that sediment composition may have unrecognized effects on test organisms in toxicity tests, thus interfering with the interpretation of the results. Therefore, it is necessary to investigate the effects of sediment composition at a molecular level to determine whether they impact on toxicity testing.
Metabolomics − the study of metabolites, which are molecules with a low molecular weight that are typically the intermediates and products of metabolic reactions [5] − has been applied to various aquatic organisms to detect changes in the responses of test organisms. Metabolomics enables physiological status to be observed using non-targeted analysis with the aid of mass spectrometry or nuclear magnetic resonance spectroscopy. When metabolomics is implemented for toxicity assessments, a comparison between control and test cases is essential. Several past studies have reported differences in the metabolomic profiles of control and exposure groups, such as a study that compared changes in the metabolomes within Daphnia magna after exposure to heavy metals and insecticides [6] . A review has also summarized instances in which the metabolites of many species were significantly affected by exposure to heavy metals [7] . These metabolites can be used as biomarkers to detect adverse effects on organisms.
Assessing toxicity using metabolomic responses is difficult when other environmental stresses are present, as they will also influence these responses [8, 9] . For example, it has been reported that changes in temperature [10] [11] [12] [13] , salinity [13] , and pH [10, 11] , starvation [12, 14, 15] and hypoxia [13, 15] affect metabolomic responses within aquatic organisms. In addition, control sediments which contain smaller amounts of organic matter, which acts as a food source, may affect metabolomic profiles during toxicity testing. As such, separating the effects of toxicants from those of environmental stressors is crucial when utilizing metabolomics in toxicity assessment. A study that assessed the effects of sediments collected from a harbor on the metabolomes within amphipods reported the clustering of the sediments based on the characteristics of metabolomes, but the effects of specific toxicants were unclear because of the complexity of the tested sediments [16] . It is therefore necessary to discriminate the effects of control sediments and those of target toxicants on metabolomic profiles. However, the number of comparative studies that have addressed this need is limited.
This study aimed to assess the effects of sediment composition on the metabolomic profiles of the estuarine amphipod Grandidierella japonica and to compare this with the effects of copper (Cu) exposure. We obtained the metabolomic profiles of G. japonica from four types of control sediment using a high-resolution mass spectrometer. The same four sediments were also used for Cu exposure testing and differences in the metabolomic profiles due to sediment composition and Cu exposure. An inhabitant of coastal waters, G. japonica is recommended for use in toxicity testing protocols [17] . Copper was selected as the reference toxicant because it has been reported that it has adverse effects on amphipod species on a molecular [18] and individual level [19] .
MATERIALS AND METHODS

Test organisms and sediment samples
Grandidierella japonica was collected from a tidal flat at the mouth of the Nekozane River in Chiba, Japan, in 2009 as described previously [20] . Sediment samples were collected as described in a previous study [20] and used for culturing and toxicity testing. We tested the following four types of sediment: the same sediment as that used for culturing (ES), quartz sand (QS; WS-10BR, HARIO), artificial sediment A (AS-a), and artificial sediment B (AS-b). The composition of the sediments is shown in Table 1 . AS-a was produced following a previous report [21] , and AS-b was prepared following OECD test No. 218 [22] , which was developed for toxicity testing with Chironomus spp.
Four-day exposure to heavy metals
We conducted four-day exposure tests using a sediment sample from one of the four types of sediment as a control. We followed a test method [1] and Cu was used as the reference toxicant. We set up both control and exposure groups for each sediment type, with three beakers used for the control groups and five for each sediment type. A stock solution of Cu was prepared by dissolving CuSO 4 ·5H 2 O in deionized water. The contaminated water for the toxicity testing was then prepared by spiking artificial seawater with the stock solution at 250 µg Cu/L, which was the same concentration as the LC50 concentration [19] .
Each of the beakers contained either 120 mL of artificial seawater for the control groups or 120 mL of test water for the Cu exposure groups and 30 mL of ES, 30 g of QS, 30 g of AS-a, or 30 g of AS-b. After one day of incubation (25 ± 1°C, 16 h light/8 h dark cycle), 10 G. japonica juveniles were added to each beaker. Four days later, the number of surviving juveniles was recorded and the surviving individuals from each beaker were separated into two groups randomly. The mortality in the exposure test was 0%, 6.4%, 0%, and 6.7% in ES, QS, AS-a, and AS-b group respectively, although we have expected 50%. The groups contained between 3-5 individuals each and were transferred into a vial before being flash-frozen and stored at −80°C until metabolome extraction.
Extraction and analysis of the metabolomes from the amphipod samples
Metabolomes were extracted and analyzed using an Orbitrap mass spectrometer (Exactive; Thermo Fisher Scientific, Massachusetts, USA) following the method outlined in a previous report [23] . Briefly, the extraction was conducted using methanol, water, and chloroform, and the extracts were analyzed by flow-injection. The signal intensity values obtained using SIEVE software (Version 2.2 SP2, Thermo Fisher Scientific) were pre-processed as described in the previous research [23] .
Principal component analysis (PCA) and partial least squares discriminant analysis (PLS-DA) were conducted using the pre-processed signal values. First, we conducted PCA and PLS-DA using data from the control groups only. The signal intensities were normalized and auto-scaled without transformation to fold change values because the exposure groups were not involved in this analysis. PLS-DA models were constructed to extract characteristic metabolites from each sediment type. Four models, Model ES , Model QS , Model AS-a , Model AS-b were built to separate the ES, QS, AS-a, and AS-b groups, respectively, from the other three groups. Second, PCA and PLS-DA were performed using the pre-processed signal data for all groups. We built four models, Model CuES , Model CuQS , Model CuAS-a , Model CuAS-b to discriminate between the control and Cu exposure groups for each sediment type. The number of latent variables was selected by following Wold's R criterion [24] . Q 2 values were calculated for all models to assess their predictive power, and variable importance on projection (VIP) values were obtained for all compounds within each model (see Supple- mentary Materials for details). The VIP values were used to identify variables that acted as biomarkers. The metabolites that have higher VIP values are considered as important variables, and the threshold values used in common is 1 [25] . We defined the threshold as 1.5 to show the most important ones in our results. Chemical names and formulas were taken from the Kyoto Encyclopedia of Genes and Genomes (KEGG) database [26] based on monoisotopic mass (mass error < 10 ppm), as described previously [23] . Then, the compounds which had a KEGG ID were mapped onto the KEGG pathway (dpx; Daphnia pulex) to interpret the reactions of the metabolites. Because the information of the G. japonica is limited, we adopted the information of D. pulex to interpret the metabolomic reactions in G. japonica based on the idea that metabolomic reactions have many shared reactions among species [5] .
RESULTS AND DISCUSSION
Comparison of the metabolomic profiles of G. japonica between different sediments
The number of metabolites detected from one or more samples was 4,060. PCA analysis using the intensity values of the metabolites in the control groups in all sediment groups was conducted. A PCA score plot of PC1 and PC2 exhibited a clear difference between ES and the other groups (Fig. 1) . The variance in the metabolomic profile of the ES group was explained by PC2 while PC1 appeared to be contributed to the explanation of variation in all samples. The other groups (QS, AS-a, and AS-b) were not separated by PC1 or PC2. However, PC3 and PC4, which made a lower contribution to the explanation of variance, appeared to be involved in separating the rest of the three groups. Therefore, this PCA showed that the principal components could explain the differences between control sediments.
The PCA thus revealed that incubation in the ES sediment led to G. japonica metabolomes with different characteristics to those of the other three sediment types. We hypothesized that the organic carbon content of the tested sediments may be a major factor in determining metabolomic profiles because it can promote metabolic reactions. Indeed, previous studies have shown that starvation caused disturbances in the metabolomic profiles of amphipods [14, 27] , suggesting that compounds typically derived from external food sources such as lipids were exhausted. In this study, ES, AS-a, and AS-b sediment contained the organic matter; however, the separation between these three groups and QS sediment group was not apparent. Therefore, the existence of the organic matter itself might not have affected the metabolomic responses dramatically, but other factors of the ES samples such as the concentration of nutrients might have had more significant effects on any metabolomic changes.
We conducted PLS-DA to identify the important metabolomes driving any differences in the characteristics of the metabolomic profiles. Four models (Model ES , Model QS , Model AS-a , Model AS-b ) were built; the parameters of those models are shown in Table 2 . The number of latent variables, Q 2 , R 2 X, and R 2 Y were used to assess the predictive power of the models. All of the models exhibited sufficient predictive power with high Q 2 values, indicating that the metabolomic profiles could be discriminated based on the sediment type. This suggests that metabolomes might respond to the composition of the control sediments.
We also calculated the VIP values for each model, and the metabolites which contributed to this separation between the different sediment types were extracted. Those metabolites were considered to explain the differences between the sediments. Names or chemical formulas were assigned to the metabolites where possible ( Table 3) , but some could not be identified. The analysis by SIEVE software did not distinguish the metabolites that had similar molecular weight values, and those metabolites were shown as different compounds in Table 3 . Additionally, the metabolites which had VIP values higher than 1.5 were selected for the comparison between the four types of sediment. As shown in Fig. 2 , these metabolites tended to differ between the four models, with no single compound being selected for all four models. This could be because we selected 1.5 as the threshold, or that the differences in sediment composition affected the metabolomic responses and the metabolites that were related to the separation between two groups. In particular, the Venn diagram shown in Fig. 2 shows that there were 143, 192, 352, and 210 metabolites specific to each group, and they might have a strong relationship with a particular sediment composition. According to the KEGG database, some of these compounds mapped onto the metabolic pathways of D. pulex. Some pathways, including the arginine and proline metabolism, appeared to overlap between some groups, but it was difficult to identify all of the pathways for the selected metabolites. It suggests that we should consider changes in both the metabolites and the pathways and that it is important to continue to add information to the database to allow more accurate analysis.
Effects of sediment composition and Cu exposure on the metabolomes of G. japonica
We also compared the metabolomic profiles of G. japonica exposed to Cu in different sediments. Though PC1 did not explain differences between the groups, PCA using preprocessed signal values lead to the separation of the control and exposure groups by PC2, except for the AS-b sediment (Fig.  3) . In other words, when the ES, QS, or AS-a sediments were used, the metabolomic profiles of the Cu exposure groups differed from those of the control groups. It indicated exposure to Cu produced clear differences in the metabolome of G. japonica regardless of the effect of sediment type. However, the metabolomic profiles obtained from the AS-b sediment did not discriminate between the control and Cu exposure groups. This might be because the Cu was adsorbed on the peat moss layer that formed on the top of the AS-b during the testing. Peat moss has a metal-binding capacity, and the adsorption of Cu has been reported. A previous study reported that the uptake of Cu reached 0.4 mmol/g peat [28] . It is difficult to estimate the adsorption mass from the previous report because adsorption is affected by pH and the concentration of Cu in the overlying water, but it can be assumed that AS-b had a larger capacity to bind metals.
PCA was then conducted after the removal of the AS-b sediment samples to confirm that the metabolomic profiles observed after Cu exposure could be discriminated from those of the control groups for the other three sediment types. Figure 4 shows the results of clustering analysis (Ward's method) based on the scores along PC1 and PC2. The separation between the control and Cu exposure groups was clear and only one sample from the control group was grouped with the Cu exposure samples. This indicates that the effects of copper exposure caused metabolomic changes in a similar way under ES, QS, and AS-a conditions. These results derive from unsupervised analysis, indicating that the effects of Cu exposure at the acutely toxic level had a larger impact on metabolomic changes than did the effects of sediment composition.
We also conducted PLS-DA to identify important metabolites that could be used to discriminate between the control and Cu exposure groups. Four models were designed for each sediment type, but only Model CuES , Model CuQS , Model CuAS-a were constructed. Model CuAS-b exhibited less predictability than the other models because the differences between the control and Cu exposure groups were unclear, as discussed above. For the ES, QS, and AS-a sediments, discriminant models were built successfully, and the model parameters are shown in Table 2 . The results were consistent with those of the PCA, confirming that the effects of Cu exposure were able to be detected using metabolomic analysis. A total of 119, 481, and 282 metabolites with a VIP value higher than 1.5 were extracted from Model CuES , Model CuQS , Model CuASa , respectively. The top five compounds are summarized in Table 3 . As illustrated clearly by Fig. 5 , eight metabolites were found in all three models. This result suggests that Fig. 2 The commonality of the metabolites that had VIP values higher than 1.5 between the four models using control data. there are common metabolites that contribute to an explanation of Cu exposure even though different types of sediments are used in the tests. One of the common metabolites was assumed as (2Z)-2-(4-Oxo-1,3-thiazolidin-2-ylidene)-1,3benzothiazol-6 (2H)-one based on the database. It could be an important metabolite that responds to Cu exposure regardless of sediment types, but the detailed mechanisms were unclear because the compound was not mapped onto the KEGG pathway. Moreover, KEGG pathway mapping showed that the metabolites that had VIP values higher than 1.5 in each model could be found in the same metabolic pathway. However, the reaction of the pathway was not revealed, and the relationship between the pathway and Cu exposure was unclear. This suggests that, even if different types of sediment are used, there may be some pathways that relate to Cu exposure. In Model CuQS , some metabolites that showed high VIP values were related to the pathway of biosynthesis of the amino acids. A previous metabolomic study has reported that this pathway may exist in other species of amphipod [14] , and the present study suggests the relationships between sediment types and metabolic pathways. To further verify this, future work should seek to develop an improved database for annotation of metabolites. Furthermore, the effects of sediment in a test chamber and the effects of feeding activity on the metabolomic reactions should also be examined in the future.
Our results found that PCA score plots can be used to identify differences between control and Cu exposure groups and that PLS-DA followed by VIP analysis is effective in identifying important metabolites. This analysis revealed that the effects of Cu exposure were larger than the effects of sediment composition. Though testing with other sediments and toxicants needs to be examined in future studies, our result leads to the conclusion that, in toxicity testing at an acutely toxic level, the type of control sediment does not affect the separation between control and exposure groups in PLS-DA models.
CONCLUSIONS
We assessed metabolomic changes within G. japonica when different types of sediment (ES, QS, AS-a, and AS-b) were used as the control sediment during toxicity testing. These changes were compared with those caused by exposure to Cu. Our results found that sediment composition clearly impacted metabolomic profiles, and the metabolites that were related to each sediment type were extracted. Copper exposure also affected metabolomic profiles, and this was more obvious than the effects of the control sediment, when ES, QS, or AS-a sediment was used. Eight metabolites involved in discriminating between the control and Cu exposure groups overlapped between the different sediment types. It is clear that more knowledge on the metabolic The commonality of the metabolites that had VIP values higher than 1.5 between the three models used to discriminate between the control and Cu exposure groups. pathways is necessary for further analysis. In conclusion, the effects of Cu exposure were more dominant than those of control sediment composition under the conditions we investigated. It suggests that the composition of control sediment may not need to be limited to a specific type when assessing metabolomic changes.
